Owing to the coupling between CBP and neu ronal activity, regional CBP is a reflection of neural ac tivity in different brain regions. In this study we measured regional CBP during polysomnographically well-defined rapid-eye-movement (REM) sleep by the use of single photon emission computerized tomography and the new tracer 99mTc-dl-hexamethylpropyleneamine. Eleven healthy volunteers aged between 22 and 27 years were studied. CBP was measured on separate nights during REM sleep and during EEG-verified wakefulness. On awakening from REM sleep, all subjects reported visual dreams. During REM sleep CBP increased by 4% (p <
Sleep represents a reversible state of disengage ment from the external environment. Sleep is not a uniform state of genuine unconsciousness, but is composed of a cyclical sequence of stages defined on the basis of electrophysiological parameters (Aserinsky and Kleitman, 1953; Rechtschaffen and Kales, 1968) . In the sleep-wake cycle, rapid eye-movement (REM) sleep represents a distinct mental condition in the sense that it is closely cor related to the experience of dreams (Dement and Kleitman, 1957; McCarley, 1983) . The understand ing of the dream phenomenon is sparse; we can only speculate on its significance, and the functional state of the dreaming brain is largely unknown. CBF is coupled to cerebral neuronal activity 0.01) in the associative visual area, while it decreased by 9% (p < 0.01) in the inferior frontal cortex. The CBP increase in the associative visual area suggests that acti vation of cerebral structures processing complex visual material is correlated to visual dream experiences. On the other hand, the reduced involvement of the inferior fron tal cortex observed during REM sleep might explain the poor temporal organization and bizarreness often experi enced in dreams. Key Words: Cerebral blood flow Dreams-99mTc-dl-Hexamethylpropyleneamine-Rapid eye-movement sleep--Single photon emission computer ized tomography. (Sokoloff, 1981) . This means that information on the functional landscape of the brain can be ob tained by measuring CBF in different brain regions. However, owing to the elusive nature of sleep, ma jor restrictions are imposed on the examination methodology and during REM sleep only measure ments of regional CBF (rCBF) with a low resolution have been obtained. To study CBF during sleep, the examination technique should allow sleep in a seg regated room without causing interference. Single photon emission computerized tomography (SPECT) and the new tracer 99 mTc-dl-hexamethyl propyleneamine ( 99 mTc-HMPAO) meet these crite ria. The aim of the present investigation was, through use of this new technique, to measure rCBF during well-defined REM sleep.
MATERIAL AND METHODS
Eleven healthy volunteers (five women, six men) rang ing in age between 22 and 27 years (mean ± SD age 24 ± 2 years) were studied. None of the participants used med ication on a regular basis, and all had a normal stable sleep-wake cycle. All volunteers gave informed consent, and the study was approved by the local ethical commit tee.
CBP measurement rCBF was measured by SPECT with a retainable tracer, 99mTc-HMPAO (Ceretec). The injected HMPAO is reconstituted from a kit to which 99mTc-pertechnetate is added within 10 min before injection. The tracer is administered as a bolus in a peripheral vein. While suffi ciently stable in vitro (at least 60 min after reconstitu tion),99mTc-HMPAO undergoes a rapid conversion in contact with blood cells and tissue including the brain parenchyma. From the original lipophilic form that allows transportation over the blood-brain barrier, the com pound is enzymatically converted into a hydrophilic sub stance that is trapped inside the brain cells. The conver sion is almost completed in 5 min at which time -5% of the activity has been taken up by the brain. Therefore, the distribution of 99mTc_HMPAO in the brain reflects the regional tracer supply, i.e., rCBF at the time of injection. Because of the efficient trapping mechanism, the rCBF pattern can be measured for several hours after injection. Absol .
ute CBF values were not acquired, owing to major techmcal problems in obtaining a correct arterial input curve. Measurements were performed using a rotating multidetector SPECT instrument (Tomomatic 232). Two slices 40 mm apart are obtained simultaneously, with a resolution of 13 mm in the plane and 18 mm axially. In the present study, the regional tracer distribution was de picted in eight transversal slices assessed over four peri ods of 10 min each, starting 20 min after the injection. The levels were positioned in parallel to the orbitomeatal plane (OM), starting 1 cm above this. Head positioning was based on external markings, using great effort to en sure reproducibility at repeated measurements.
The sleep stages were assessed by standard sleep lab oratory polysomnography, including EEG, submental electromyography, and electrooculography. The EEG was recorded unipolarly with surface electrodes placed according to the international 10-20 system with a com mon average reference. The sleep stages were scored ac cording to the criteria of Rechtschaffen and Kales (1968) . Polysomnographic data were simultaneously written out on running paper and stored on a multichannel tape re corder (TEAC). rCBF was measured on separate nights during REM sleep and during EEG-verified wakefulness, with a ran domized order of measurements. Before measurements were undertaken, the subject spent 1 night in the sleep laboratory during mimicked test procedures to secure ac qua�ntance with the test conditions. To ensure pleasant, undIsturbed surroundings facilitating sleep, the subject was left alone in a comfortable bed in a quiet, dark room. A 160-cm-Iong catheter (MeadoxSurgimed no. 813030) and a cable carrying the polysomnographic data were led through a hole in the door to a neighboring observation room. Prior to the first investigation, it was established that the catheter used for 99mTc_HMPAO injection did not retain the infused tracer compound. From the obser vation room the state of sleep was monitored and the infusion of 99mTc_HMPAO controlled. When the subject had spent 7 min in the second REM phase of the night as verified by polysomnographic readings, 250 MBq 99mTc_ HMP AO was administered from the observation room. Exactly 5 min after the 99mTc-HMPAO injection, the sub ject, still in uninterrupted REM sleep, was awakened and questioned about the occurrence of dreams and dream content.
Measurements during wakefulness were performed on separate days between 10 and 12 p.m. in the same sur roundings as described above. During and in the 5 min �ollo � ing injection of 99mTc-HMPAO, the subject was ly mg wIth eyes closed. Wakefulness was verified by poly somnographic readings.
Evaluation of data
. On the two sets of rCBF distribution images, eight sl � ces from the awake study and the corresponding eight slIces for the REM sleep study, the following procedures were applied:
1. For each slice a set of relevant regions of interest (ROIs) was demarcated on the basis of anatomical refer ence (Aquilonius and Eckernas, 1980) (Fig. 1) . The out line of the ROI was fitted to the head size and position of each individual.
2. The two sets of distribution images were normalized relative to the mean count rate in their respective cere bellar regions and then linearized according to the algo rithm described by Lassen et al. (1988) in an attempt to restore count rates in high-perfusion areas.
3. The mean value of each ROI was calculated and ta . ken as a percentage of the mean value of the upper six slIces (OM + 30 mm -OM + 80 mm). This variable in the following is designated "relative rCBF."
An analysis of variance was performed using the mean of the linearized count rate in each ROI. Although we a priori chose to evaluate the effect of state (awake vs. REM sleep), this model assesses all relevant effects si multaneously. Thus, the variation in the linearized count rate was modeled with state, side (right or left), person, and tomographic slice, i.e., a four-way analysis of vari ance. In addition, we analyzed for all possible crossed effects (except all effects crossed simultaneously as re peated studies were not performed). To allow statistical inference, the effect of "person" was considered ran dom, while all other effects were considered determinis tic. The numerical analysis was performed by means of the general linear models procedure GLM in the Statisti cal Analysis System.
RESULTS
In all subjects verified REM sleep was main tained during injection of 99 mTc-HMPAO and throughout the following 5-min period. On awaken ing all subjects reported occurrence of dreams. In three cases the dreams were of a rather dull char acter, whereas the dreams in the remaining eight cases were more vivid with a high content of cog nitive and emotional elements.
Statistical analysis revealed no statistical signifi cant difference in regional side-to-side flow distri bution between measurements obtained during wakefulness of REM sleep. Therefore, the average flow values from corresponding symmetrical ROIs were pooled.
During REM sleep there was a statistically signif icant increase by 4% (p < 0.01) in relative rCBF in the associative visual area (Table 1; Fig. 2 ). In con- found in any other cortical or subcortical region (Table O .
DISCUSSION
In 11 healthy volunteers, rCBF was measured during meticulously verified REM sleep associated with visual dreaming. rCBF was found to increase Relative CBF values are shown; i.e., regional CBF is calculated as a percentage of global CBF. Values are means ± SD. Statistical significance was assessed by three-and four-way analysis of variance.
in the associative visual area, while it decreased in the lower frontal cortical regions.
The 99 mTc-HMPAO compound allows for the first-time tomographic measurements of rCBF dur ing unrestrained, well-defined REM sleep. How ever, because of major difficulties in obtaining a valid arterial input curve, absolute CBF values were not measured. It has been shown that the tracer is not retained in a linear proportion to flow (Lassen et aI., 1988) . In regions with a high perfu sion rate and consequently a high initial cellular tracer uptake, there is also a high degree of outflux before the remaining molecules are converted into R the nondiffusible substance. Consequently, the am plitude of an activation-induced rCBF response will be reduced. The problem with tracer outflux in highly perfused regions has been partly solved by introducing an algorithm linearizing blood flow val ues (Lassen et aI., 1988) . The relative rCBF values from the present study have been linearized accord ing to this algorithm, but the method probably still underestimates high flow values and overestimates low flow values. Furthermore, in the linearizing procedure, we assumed that cerebellar CBF was the same during REM sleep as compared to wake fulness. If cerebellar blood flow, as is suggested in the study by Reivich et aI. (1968) , in fact increases, our assumption of a unchanged cerebellar blood flow would slightly underestimate the magnitude of REM sleep-associated rCBF increases and slightly overestimate the regional flow decreases. Partial volume effects will also contribute to underestima tion of any CBF increase in gray matter during REM sleep. Thus, the modest but unequivocal flow changes observed in the present study are primarily a measure of the direction of change, and it is not possible from our data to obtain more than an im pression of the magnitude of change. Quantitative results from experimental animal studies have shown a CBF increase during REM sleep in the cat (Reivich et aI., 1968) as well as in the goat (Santiago et aI., 1984) and rabbit (Lenzi et aI., 1987) . In humans Townsend et aI. (1973) , utilizing the 133 Xe inhalation method with five stationary de tectors in 11 healthy subjects, found a rCBF in crease of between 3 and 12% during REM sleep. In two subjects, Sakai et aI. (1980) , with the same technique and 16 detectors, found a 41% REM sleep-induced increase in CBF over the cerebral hemispheres. We have recently, using the Kety Schmidt technique, found that global CBF values were similar during REM sleep and wakefulness (Madsen et aI., 1990 . As CBF according to these studies is increased or unchanged during REM sleep, the REM sleep-associated relative rCBF in crease in the associative visual area found in the present study may be considered an absolute flow increase.
Owing to difficulties with precise anatomical de lineation and limitation of the spatial resolution, we were only able to obtain adequate demarcation of the associative visual area in slice OM + 70 mm, whereas the associative visual area in slice OM + 60 mm and OM + 50 mm is enclosed in the ROI attributed to the superior temporal region and the primary visual area, respectively ( Fig. O. The re gional flow increase in the associative visual area compares to the regional increase in cerebral me tabolism found during complex visual stimulation in the studies of Phelps et aI. (1981a,b) . Hence, our results show that visual dream experiences are ac companied by activation of cerebral structures pro cessing complex visual material.
The decrease in relative rCBF in the inferior fron tal cortex suggests poor involvement of this region in the generation of the REM sleep-associated dream experience. In monkeys where the functional heterogeneity of the prefrontal cortex is best de scribed (Rosenkilde, 1979) , lesions of the orbi tofrontal cortex have been found to alter and impair emotional and motivational responses (Butter et aI., J Cereb Blood Flow Metab, Vol. 11, No.3, 1991 1970). Monkeys with lesions in the inferior prefron tal convexity display impaired drive inhibition (Iversen and Mishkin, 1970) . Furthermore, patients with lesions of the orbitomedial prefrontal cortex display a reduced ability to suppress interference from internal and external stimuli (Drewe, 1975; Stuss et aI., 1982; Fuster, 1985) . Finally, the orbi tofrontal and dorsal prefrontal cortices have been suggested to be important for the temporal organi zation of behavior and cognition (Fuster, 1984 (Fuster, , 1985 Ingvar, 1985) . Some of the unique features of the dream expe rience may correlate to a low activity in the inferior frontal cortex. As has been outlined by Melges (1982) , "the dreamer often has no feeling of striving for long-term goals but rather is carried along by the flow of time by circumstances that crop up in an unpredictable way." Furthermore, in dreams the temporal structure of past, present, and future is often condensed and interchanged (Gross, 1949; McCarley, 1983) . It is therefore likely that the REM-associated relative rCBF decrease in inferior frontal cortex found in this study relates to some of the rather unique cognitive elements of the dream experience.
This work reports observations of flow distribu tions during REM sleep associated with dreaming. It is, however, important to emphasize that only relative flow values have been obtained. To acquire quantitative flow values, and thereby a more com plete description of rCBF during REM sleep, the use of the present technique in combination with quantitative methods measuring global CBF is nec essary.
